Abstract Light and chloroplast function is known to affect the plant immune response; however, the underlying mechanism remains elusive. We previously demonstrated that two light signaling factors, FAR-RED ELONGATED HYPOCOTYL 3 (FHY3) and FAR-RED IMPAIRED RESPONSE 1 (FAR1), regulate chlorophyll biosynthesis and seedling growth via controlling HEMB1 expression in Arabidopsis thaliana. In this study, we reveal that FHY3 and FAR1 are involved in modulating plant immunity. We showed that the fhy3 far1 double null mutant displayed high levels of reactive oxygen species and salicylic acid (SA) and increased resistance to Pseudomonas syringae pathogen infection. Microarray analysis revealed that a large proportion of pathogen-related genes, particularly genes encoding nucleotide-binding and leucine-rich repeat domain resistant proteins, are highly induced in fhy3 far1. Genetic studies indicated that the defects of fhy3 far1 can be largely rescued by reducing SA signaling or blocking SA accumulation, and by overexpression of HEMB1, which encodes a 5-aminolevulinic acid dehydratase in the chlorophyll biosynthetic pathway. Furthermore, we found that transgenic plants with reduced expression of HEMB1 exhibit a phenotype similar to fhy3 far1. Taken together, this study demonstrates an important role of FHY3 and FAR1 in regulating plant immunity, through integrating chlorophyll biosynthesis and the SA signaling pathway. 
INTRODUCTION
Plants have evolved elaborate regulatory mechanisms to cope with adverse abiotic and biotic stresses at the cost of plant growth and development (Bray et al. 2000; Jones and Dangl 2006) . In response to biotic stresses, plant cells undergo massive transcriptional reprogramming to activate immune response and resistance pathways. However, constitutive activation of plant immunity impairs growth and fitness. Therefore, in the absence of environmental challenges or when the stress is relieved, the plant immune response must be kept under tight genetic control (Tian et al. 2003) .
Recognition of a pathogen effector by a host resistance (R) protein can lead to effector-trigged immunity (ETI), which is characterized by the hypersensitive response (Jones and Dangl 2006) . In plants, a suite of R proteins, mainly nucleotidebinding (NB) and leucine-rich repeat (LRR) domain-containing proteins, are the major intracellular receptors that sense pathogen-derived molecules (Caplan et al. 2008; Eitas and Dangl 2010; Heidrick et al. 2012 ). Activation of NB-LRR R proteins leads to the production of salicylic acid (SA), a plant defense hormone that plays a central role in defense signaling; the upregulation of expression of pathogenesis-related (PR) genes; and the induction of systemic acquired resistance (SAR) (Hammond-Kosack and Jones 1996; Shah 2003; Vlot et al. 2009 ). Thus, overexpression of R genes often triggers an autoimmune response (Oldroyd and Staskawicz 1998; Stokes et al. 2002) . Two pathways function downstream of the NB-LRR R proteins. ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and its sequence-related interacting partner PHYTOALEXIN DEFICIENT 4 (PAD4) act in basal resistance and ETI initiated by the Toll-like/interleukin 1 receptor (TIR) type NB-LRR R proteins (Vlot et al. 2009 ). EDS1 and PAD4 also amplify SA signaling via a positive feedback loop (Feys et al. 2001) . NONSPECIFIC DISEASE RESISTANCE 1 (NDR1) regulates another subset of R proteins, coiled-coil (CC) type NB-LRR proteins (Century et al. 1997) . Upon pathogen challenge, SA biosynthesis is strongly induced via the activity of SALICYLIC-ACID-INDUCTION DEFICIENT 2 (SID2), which encodes chloroplast-localized isochorismate synthase I (ICS1) (Wildermuth et al. 2001) . The Arabidopsis sid2 mutant is defective in pathogen-induced SA synthesis and is severely compromised in disease resistance (Wildermuth et al. 2001) . Increased SA levels induce redox changes and result in the reduction of NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES 1 (NPR1) to a monomeric form that accumulates in the nucleus to activate defense-responsive gene expression, resulting in plant immunity (Fu and Dong 2013) .
Increasing evidence suggests that light has a profound influence on plant immunity, and full activation of the defense response to pathogens is often dependent on photoreceptors (Karpinski et al. 2003; Hua 2013) . For instance, the Arabidopsis phytochrome B (phyB) mutant is susceptible to the fungal pathogen Fusarium oxysporum, and the Oryza sativa (rice) phyA phyB phyC triple mutant is susceptible to the blast fungus Magnaporthe grisea (Kazan and Manners 2011; Xie et al. 2011) . Furthermore, phyA, phyB, and cryptochrome 1 (cry1) photoreceptors are required for SA-regulated gene expression and SAR (Genoud et al. 2002; Wu and Yang 2010) . Despite this recent progress, the molecular linkage between light signaling and plant immunity remains poorly understood.
In plants, tetrapyrroles and their derivatives play essential roles in a wide range of biological processes, including photosynthesis, respiration, and signal transduction (Mochizuki et al. 2010; Tanaka et al. 2011) . The tetrapyrrole biosynthesis pathway consists of two main branches, i.e., the chlorophyll and heme branches. Previous studies reported that inhibition of several enzymes in the tetrapyrrole biosynthetic pathway induces cell death and/or SAR (Tanaka and Tanaka 2007) . For example, transgenic tobacco (Nicotiana tabacum) with reduced activity of either uroporphyrinogen decarboxylase (UROD) or coproporphyrinogen oxidase (CPO) and Arabidopsis plants expressing an antisense protoporphyrinogen oxidase gene displayed necrotic leaf lesions, constitutive expression of PR genes, high levels of SA accumulation, and increased resistance to pathogens (Mock et al. 1990; Molina et al. 1999) . In addition, the maize (Zea mays) les22 mutant with partial deficiency in UROD, the Arabidopsis CPO-deficient mutant lesion initiation 2, and transgenic tobacco plants with reduced ferrochelatase expression displayed lesion-mimic or necrotic phenotypes (Hu et al. 1998; Ishikawa et al. 2001; Papenbroack et al. 2001) . However, the underlying mechanism by which tetrapyrrole biosynthesis contributes to the defense response is largely unknown.
In a previous study, we reported that two homologous transcription factors essential for phyA signaling, FAR-RED ELONGATED HYPOCOTYL 3 (FHY3) and FAR-RED IMPAIRED RESPONSE 1 (FAR1), directly bind to the promoter region of HEMB1 (which encodes a 5-aminolevulinic acid dehydratase, ALAD) and activate its expression, and thus regulate chlorophyll biosynthesis and seedling growth (Tang et al. 2012) . In this study, we found that both the fhy3 far1 double null mutant and transgenic plants in which HEMB1 was suppressed by artificial microRNA (amiRNA) display an autoimmune response, including accumulation of SA, strong induction of PR genes, and increased resistance to pathogen infection. We showed that overexpression of HEMB1 largely rescues the fhy3 far1 phenotype. Our findings suggest that FHY3 and FAR1 negatively regulate SA signaling and plant immunity by regulating HEMB1 expression, thus providing a possible molecular linkage between light signaling and plant immunity.
RESULTS
The adult fhy3 far1 double mutants undergo premature cell death When generating the fhy3 far1 double mutant in a previous study (Lin et al. 2007 ), we noticed that its homozygotes grew slowly and had a stunted stature in the adult stage under longday conditions (16 h light/ 8 h dark), and that this phenotype became even more severe under short-day conditions (8 h light/ 16 h dark) ( Figure 1A) . However, the fhy3-4 and far1-2 single parent mutant plants did not differ much from the No-0 (Nossen) wild type, suggesting that FHY3 and FAR1 play redundant roles in controlling adult plant growth. Most remarkably, fhy3 far1 leaves developed necrotic lesions, resembling those formed during the hypersensitive response after pathogen entry ( Figure 1A ).
When stained with trypan blue (which indicates dead cells), the leaves of fhy3 far1 were stained blue, whereas those of fhy3 and far1 plants were barely stained, as were those of the wild type ( Figure 1B ). 3,3 0 -diaminobenzidine (DAB) staining showed that high levels of hydrogen peroxide (H 2 O 2 ) were accumulated in the leaves of fhy3 far1, but not in those of the fhy3 or far1 plants ( Figure 1C ). These data suggest that loss of both FHY3 and FAR1 leads to constitutive activation of cell death and accumulation of reactive oxygen species (ROS).
FHY3 and FAR1 globally repress defense-responsive genes
To determine how FHY3 and FAR1 regulate plant growth and cell death, we conducted a microarray analysis using 28-d-old long-day-grown fhy3 far1 double mutant and No-0 wild-type plants. Using a q-value of <0.05 and a fold change of >2 as a cutoff, a total of 2,891 genes were found to be upregulated and 3,074 genes downregulated in fhy3 far1 compared with the wild-type plants (Dataset S1). A gene ontology (GO) functional classification of the differentially expressed genes was performed using GOEAST software (Zheng and Wang 2008) . GO analysis of biological processes showed that the upregulated genes in fhy3 far1 are largely involved in the response to biotic and abiotic stresses, and metabolic processes. Notably, genes involved in the plant's responses to chitin, fungi, bacteria, other organisms, and ROS and those regulated by SA-mediated signaling and involved in the defense response were significantly overrepresented in fhy3 far1 compared with the wild-type genome (Figure 2A ). These genes include those encoding transcription factors of the WRKY, MYB, NAC, and ethylene-responsive families, receptorlike kinases, cytochrome P450 family members, and mitogenactivated protein kinase signaling components (Dataset S1). For example, WRKY11, WRKY18, WRKY40, and WRKY60 have been documented as modulating resistance to pathogens (Journot-Catalino et al. 2006; Xu et al. 2006; Pandey et al. 2010) . ACCELERATED CELL DEATH 6, a transmembrane protein with cytosolic ankyrin repeats, is involved in regulating both growth and defense traits (Todesco et al. 2010) . On the other hand, the downregulated genes are largely involved in regulating cellular, developmental, and biosynthetic processes, consistent with the dwarf phenotype of fhy3 far1. We then analyzed how many of the genes involved in the response to pathogen infection were among the differentially regulated genes (Bartsch et al. 2006) . We found that 813 out of 1,757 (46.3%) pathogen-induced genes were represented in the upregulated group, while 731 of 2492 (29.3%) pathogenrepressed genes were downregulated in fhy3 far1 ( Figure 2B ). Of the 813 genes, 701 (86.2%) are induced by Pseudomonas syringae pv tomato (P.s.t.) DC3000 AvrRps4 infection in an EDS1-dependent manner (Bartsch et al. 2006) . Among the upregulated genes, 145 are believed to respond to SA (total 217 genes) (Blanco et al. 2009 ).
Interestingly, a total of 64 R genes, including 47 TIR-NB-LRR and 17 CC-NB-LRR (Meyers et al. 2003) , were found to be induced in fhy3 far1 (Table 1) . Four of these, i.e., PRS6, SNC1, RPP5, and At5G45000, were randomly selected and confirmed to be induced in fhy3 far by quantitative reverse transcriptionpolymerase chain reaction (qRT-PCR). As shown in Figure S1 , the expression of these R genes was greatly increased in the FHY3/FAR1 regulate plant immunityfhy3 far1 double mutant compared with the wild type, but increased to a lesser extent in the parent single mutants. Similarly, the transcript levels of PR genes, including PR1, PR4, and PR5, were greatly upregulated in fhy3 far1, but not in the fhy3 and far1 single mutants ( Figure 2C) . However, the level of PDF1.2, a molecular marker of the jasmonic acid-mediated defense pathway, was not affected by these mutations ( Figure 2C ). Together, these results indicate that FHY3 and FAR1 are involved in the defense response, likely through regulating the NB-LRR-mediated SA signaling pathway.
FHY3 and FAR1 negatively regulate SA accumulation and disease resistance
We next examined how the SA synthesis and signaling pathway were affected by FHY3 and FAR1. Our qRT-PCR analysis of genes involved in the SA pathway showed that the expression levels of EDS1, PAD4, SID2, and EDS5 were increased by more than fivefold in the fhy3 far1 mutant, while the transcripts of NPR1 and NDR1 were moderately upregulated. The expression of these genes was also slightly increased in the far1 single mutant ( Figure 3A) .
We then evaluated whether SA synthesis was altered in these mutant plants. Total SA and free SA were analyzed by high-performance liquid chromatography. As shown in Figure 3B and C, the fhy3 far1 plants accumulated significantly higher levels of free SA ($10 fold) and total SA (free SA plus glucose-conjugated SA, $20 fold) than the fhy3 and far1 single mutant and the wild-type plants, suggesting that FHY3 and FAR1 together repress SA production.
Since SA is one of the most important signaling molecules in plant defense, we tested the mutant and wild-type leaves for resistance to a model pathogen, P.s.t. DC3000. Three days after infiltration or spraying, bacterial growth of P.s.t. DC3000 on fhy3 far1 plants was much less than on wild-type or fhy3 and far1 plants ( Figures S2, 4) . Furthermore, growth of P.s.t. DC3000 expressing the effector AvrRps4 (recognized by the TIR-NB-LRR R protein RPS4), and to a lesser extent of P.s.t. DC3000 expressing AvrRpt2 (recognized by the CC-NB-LRR R protein resistant to P.s. protein2) was significantly inhibited in the fhy3 far1 leaves (Figure 4 ). These results suggest that the defense responses are constitutively activated in fhy3 far1 and that FHY3 and FAR1 regulate basal defense and resistance.
Mutations in PAD4, EDS1 and SID2 largely alleviate the fhy3 far1 defects To test whether the constitutive defense response in fhy3 far1 is dependent on the SA biosynthesis or signaling Figure 2 . Expression analysis of genes regulated by FHY3 and FAR1 (A) Enrichment of selected categories of gene ontology (GO) biological processes in genes up-regulated in fhy3 far1 compared to the wild-type genome. The P-value of enrichment is calculated as the hypergeometric probability of obtaining so many probes/ probesets/genes for a GO term, under the null hypothesis that the probes/probesets/genes were randomly selected from the microarray/genome. (B) Venn diagrams showing the overlap of differentially regulated genes in fhy3 far1 with previously reported pathogen-regulated genes (Bartsch et al. 2006 ). (C) Expression of PRs and PDF1.2 in the No-0 wild type (WT), fhy3-4, far1-2, and fhy3 far1 as determined by quantitative RT PCR (qRT-PCR). Plants were grown for 4 weeks under LD conditions. Relative expression was normalized to the level of UBQ1. Bars indicate the standard deviation (SD) of three biological replicates.
pathway, we introduced either the pad4, eds1, or sid2 mutation into fhy3 far1 by genetic crossing. Homozygous plants were used in the following studies. The addition of the pad4, eds1 or sid2 mutation largely suppressed the dwarfism phenotype of fhy3 far1 ( Figure 5A ). Furthermore, the transcript levels of PR1 of the pad4 fhy3 far1, eds1 fhy3 far1, and sid2 fhy3 far1 triple mutants were almost completely restored to the level of the wild-type plants ( Figure 5B ). Moreover, we observed that the sensitivities of these triple mutants to P.s.t. DC3000 or P.s.t. DC3000 AvrRps4 infection were similar to those of the pad4, eds1 or sid2 single mutants ( Figure 5C ). The SA levels in pad4 fhy3 far1 and sid2 fhy3 far1 were also restored to the levels of wild-type plants ( Figure 5D ). These results indicate that the constitutive defense response of fhy3 far1 requires functional PAD4, EDS1 or SID2, and thus PAD4, EDS1 and SID2 act downstream of FHY3 and FAR1.
In addition, we introduced the nahG transgene, which encodes the bacterial salicylate hydroxylase that blocks SA accumulation and SAR (Gaffney et al. 1993) , into fhy3 far1. The small-size morphology of fhy3 far1 was partially suppressed by nahG in the nahG fhy3 far1 plants ( Figure 5A ), further supporting an essential role of over accumulated SA in triggering the constitutive defense response in fhy3 far1 double mutants.
Overexpression of HEMB1 largely rescues the fhy3 far1phenotype We previously generated plants overexpressing HEMB1 in the fhy3 far1 mutant background, and found that the leaves of most lines became pale and died at the adult stage (Tang et al. 2012 ). We screened a large population of the transgenic plants and obtained four independent lines (line OE-2 and OE-33 are shown in this study). The heterozygous transgenic plants had 9-17 fold increases in HEMB1 levels compared to the wild type. Remarkably, the dwarfism phenotype of fhy3 far1 was largely suppressed in these heterozygous transgenic lines (Figures 6A, S3A) . Surprisingly, one-fourth progenies of these heterozygotes had pale leaves and died later. These plants had low levels of HEMB1 mRNA, due to co-suppression by exogenous HEMB1 (Figure S3A ). In the heterozygous plants, the ALAD activity was recovered to beyond wild-type levels ( Figure S3B ). Moreover, overexpression of HEMB1 also largely complemented the aberrant phenotype of fhy3 far1, including the cell death response, ROS accumulation, increased expression of EDS1, PAD4, SID2, and PR5, increased SA production, and increased pathogen resistance to P.s.t. DC3000 and P.s.t. DC3000 AvrRps4 (Figure 6B-F) . These data together confirm that FHY3 and FAR1 control the autoimmune response largely in a HEMB1-dependent manner, consistent with the direct target of these factors.
Reduction of HEMB1 leads to constitutive activation of the immune response
The above results led us to examine whether HEMB1 itself is involved in the defense response. To this end, we screened more than 200 independent transgenic lines expressing an artificial microRNA of HEMB1 (amiRNA-HEMB1) in the No-0 wildtype background. It should be noted that most of the homozygous seedlings were seedling lethal due to severe inhibition of HEMB1 expression and tetrapyrrole biosynthesis, as previously reported (Tang et al. 2012 ). We obtained three independent lines that developed true leaves and set seeds. The endogenous HEMB1 levels of amiRNA-HEMB1 (lines amiR-1 and amiR-2 are shown) were reduced to 40%-50% of those in the wild type ( Figure S4A ). Furthermore, the ALAD activity was drastically impaired in these transgenic lines ( Figure S4B ). Similar to the fhy3 far1 mutant, these amiRNA-HEMB1 plants were small with a lesion-mimic phenotype ( Figure 7A ). Trypan blue and DAB staining analyses showed that the amiRNA-HEMB1 leaves exhibited severe cell death and accumulated high amounts of ROS, respectively ( Figure 7B , C). The expression of EDS1, PAD4, SID2, and PR1, but not of NDR1, was dramatically upregulated in both transgenic lines compared with the wild-type control ( Figure 7D ). Furthermore, these transgenic plants accumulated free SA levels that were approximately 8-11-fold higher than those in the wild type ( Figure 7E ). When the plants were infiltrated with P.s.t. DC3000, bacterial growth on amiR-1 and amiR-2 was much less than on the No-0 wild type ( Figure 7F ). Taken together, these data indicate that a reduction of HEMB1 leads to a constitutive immune response as do the FHY3 and FAR1 mutations. . Loss of FHY3 and FAR1 causes increased resistance to Pseudomonas syringae bacteria (A-C) Growth of P.s.t. DC3000 (A), P.s.t. DC3000 AvrRps4 (B), and P.s.t. DC3000 AvrRpt2 (C) on wild type (WT), fhy3-4, far1-2 and fhy3 far1 leaves. Leaves of 4-week-old long day (LD)-grown plants were infiltrated with bacterial suspensions at a density of 1 Â 10 5 cfu/mL. Bacterial titers were measured on day 0 and day 3. Bars indicate the standard deviation (SD) of four parallel samples. Asterisks denote statistically significant differences in bacterial growth compared with WT (P < 0.01, Student's t-test). Similar results were obtained in two independent experiments. DISCUSSION FHY3 and FAR1 negatively modulate plant immunity by regulating HEMB1 expression and SA signaling In this study, we showed that loss of both FHY3 and FAR1 resulted in autoimmune responses, including a dwarfism phenotype with premature cell death, accumulation of ROS and SA, and resistance to P. syringae infection. These responses of fhy3 far1 are similar to those observed for gain-of-function mutants of R genes, such as snc1 and ssi4 (Shirano et al. 2002; Zhang et al. 2003) . Microarray analysis revealed that FHY3 and FAR1 negatively regulate large numbers of stress-and defenseresponsive genes, especially those involved in the SA signaling pathway, e.g., EDS1, SID2, PAD4, and NDR1. Consistently, a large FHY3/FAR1 regulate plant immunityportion of the TIR-NB-LRR and CC-NB-LRR type R genes were induced by FHY3 and FAR1 mutations. Most intriguingly, growth of P.s.t. DC3000, P.s.t. DC3000 AvrRps4 and P.s.t. DC3000 AvrRpt2 was significantly inhibited in the fhy3 far1 leaves. Furthermore, our genetic data indicate that PAD4, EDS1 and SID2 act downstream of FHY3 and FAR1. Our collective evidence supports the conclusion that FHY3 and FAR1 are negative regulators of plant immunity.
We previously demonstrated that HEMB1 is a direct target of FHY3 and FAR1 (Tang et al. 2012 ). This study further reveals that FHY3 and FAR1 function in the plant immune response, most likely through activating HEMB1 expression, as the autoimmune (F) Growth of P.s.t. DC3000 and P.s.t. DC3000 AvrRps4 on the indicated genotypes. Leaves of 4-week-old plants were infiltrated with bacterial suspensions at a density of 1 Â 10 5 cfu/mL. Bacterial titers were measured on day 0 and day 3. Bars indicate the SD of four parallel samples. Asterisks denote statistically significant differences in bacterial growth compared with fhy3 far1 double mutant (P < 0.01, Student's t-test). Similar results were obtained in three independent experiments. phenotypes of fhy3 far1 are largely complemented by overexpression of HEMB1 (Figure 8 ). In agreement with this proposition, the amiRNA-HEMB1 transgenic plants exhibited similar autoimmune phenotypes as fhy3 far1. Other undefined targets or pathways downstream of FHY3/FAR1 could also be involved in the plant immune response (Strawn et al. 2007) .
Although some photoreceptors have been shown to affect defense response (Genoud et al. 2002; Wu and Yang 2010; Kazan and Manners 2011; Xie et al. 2011) , the intermediate linkage between them is still missing. FHY3 and FAR1 were derived from an ancient transposase and function as key positive regulators downstream of the phytochrome A signaling pathway, where FHY3 and FAR1 directly binding to the promoters of FHY1 and FHL, whose produces interact with phyA and facilitate its nucleus-cytosol translocation (Hudson et al. 1999; Wang and Deng 2002; Hiltbrunner et al. 2005; Lin et al. 2007 ). Together with this study, we propose that FHY3 and FAR1 might act as a cross-talk point that integrates light and SA signaling. Besides the function in photomorphogenesis and plant immunity, FHY3 and FAR1 play roles in regulating flowering time and the circadian clock (Allen et al. 2006; Li et al. 2011) , chloroplast development , chlorophyll biosynthesis (Tang et al. 2012) , shoot branching (Stirnberg et al. 2012) , and abscisic acid-mediated responses ). In agreement with this, the expression of FHY3 and/or FAR1 themselves is regulated by multiple environmental and endogenous cues. Hence, FHY3 and FAR1 appear to constitute key transcriptional signaling factors that coordinate the expression of downstream genes to ensure optimal plant growth, development, and immunity, in response to diverse internal and external signals.
Involvement of tetrapyrrole biosynthesis in plant immunity
Chloroplasts have a critical role in the transcriptional regulation of plant immune signaling (Nomura et al. 2012 ). This study reveals that HEMB1, encoding enzymes in tetrapyrrole (e.g., chlorophyll) biosynthesis, is involved in plant immunity, thus substantiates the link between this biosynthesis pathway and SA-dependent defense responses. There are several possible explanations for the involvement of tetrapyrrole biosynthesis in the defense response. First, those photosensitizing intermediates of the tetrapyrrole pathway could generate ROS upon light irradiation, subsequently leading to plant cell death and defense responses (Reinbothe et al. 1996; Tanaka and Tanaka 2007) . For instance, FLU encodes a negative regulator of chlorophyll biosynthesis. The conditional flu mutant releases singlet oxygen in the chloroplasts and triggers accumulation of free SA and activation of PR genes (Ochsenbein et al. 2006) . In this study, the altered biosynthesis of tetrapyrrole compounds in the fhy3 far1 and amiRNA-HEMB1 plants leads to ROS production in chloroplasts and this might trigger activation of the SA pathway and plant immunity.
Second, intermediates of tetrapyrrole metabolism, such as ALA, Mg-protoporphyrins, and heme, are considered as potential chloroplast-derived retrograde signaling molecules that modulate photosynthetic gene expression in the nucleus (Strand et al. 2003; Woodson et al. 2011; Czarnecki et al. 2012 ). In the fhy3 far1 mutants and amiRNA-HEMB1 plants, the constitutive over-accumulation of ALA could activate a retrograde signal to regulate nuclear gene expression. Similarly, in isoprenoid biosynthesis, the plastidial metabolite methylerythritol cyclodiphosphate acts as a signal that elicits the expression of stress-responsive genes and elevates SA biosynthesis in response to abiotic stresses (Xiao et al. 2012) . Third, SA is synthesized in chloroplasts via the chorismate pathway in Arabidopsis (Strawn et al. 2007; Wiermer et al. 2007 ). Impairment of tetrapyrrole synthesis and chloroplast function and integrity possibly affect SA metabolism. For instance, mutations in genes encoding chloroplast-localized proteins alter SA synthesis and defense signaling (Kachroo et al. 2001; Nomura et al. 2012) . Nevertheless, the underlying mechanism by which tetrapyrrole biosynthesis contributes to the plant immune response requires further investigation.
Tetrapyrrole biosynthesis is crucial for plant growth and development, e.g., chlorophylls for photosynthesis, its intermediates also play important roles in regulating plant immunity. Meanwhile, the chloroplasts are sensitive to biotic and abiotic stresses. Therefore, under changing environmental conditions, the tetrapyrrole biosynthetic pathway could fine-tune the antagonistic relationship between growth and immunity in plants.
MATERIALS AND METHODS

Plant materials and growth conditions
The fhy3-4, far1-2, and fhy3 far1 mutants are of the Arabidopsis thaliana Nossen (No-0) ecotype (Hudson et al. 1999; Wang and Deng 2002; Lin et al. 2007 ). The eds1, pad4 and sid2 mutants and nahG transgenic plants are of the Columbia (Col) ecotype. Triple mutants and transgenic plants were generated by genetic crossing. Homozygous lines were confirmed by genotyping and/or sequencing. After sterilization, seeds were sown onto Murashige and Skoog (MS) medium containing 1% sucrose and 0.8% agar, and were incubated at 4°C in darkness for 3 d, followed by irradiation for 9 h with white light to promote uniform germination. The light source in long-day and short-day conditions was cool white fluorescent lamps (60 mmol m À2 s À1 ) and the temperature was maintained at 22°C.
Generation of transgenic plants
Binary vectors of 35S:HEMB1 and pDS1301-HEMB1-amiRNA were described previously (Tang et al. 2012) . 35S:HEMB1 (to fhy3 far1 mutant), and pDS1301-HEMB1-amiRNA (to No-0 wild type) were transformed via the floral dip method (Clough and Bent 1998) . Transgenic plants were selected on MS plates in the presence of 50 mg/L hygromycin.
Trypan blue and DAB staining Trypan blue and DAB staining were performed according to the method by Chen et al. (2013) . After staining, tissues were mounted on slides and photographed on a dissecting microscope (Olympus).
SA determination
Leaf tissues were collected from 4-week-old soil-grown plants, weighed, and frozen in liquid nitrogen. For each sample, 0.1 g of the frozen tissue was used for measurement of free SA and SA b-glucoside (SAG). Briefly, each tissue sample was ground in liquid nitrogen, extracted with 1 mL of 90% methanol and 44 ng [ 2 H 4 ] (internal standard) and incubated at 4°C for 12 h. After centrifugation at 7600 g for 5 min, the supernatant (free SA) was dried under vacuum. The free SA sample was treated with b-glucosidase at 37°C to yield the total SA sample. For free SA and total SA determination, 0.4 mL 5% acetic/ethyl acetate and 0.4 mL H 2 O were added, the samples were centrifuged at 7600 g for 5 min, and the supernatants were dried under vacuum. The residues were resuspended in 30 mL of methanol and 0.1 mL H 2 O and incubated at -20°C for 2 h. The samples were then centrifuged at 13500 g for 7 min and the supernatant was dried under vacuum. The dried SA was measured using an Agilent gas chromatographer-mass spectrometer, with the separation performed in a DB-5ms column (Agilent) (M€ uller et al. 2002) .
Bacterial growth assay
Arabidopsis plants were grown under LD (16 h light/8 h dark) conditions at 22°C for 4 weeks. Leaves were infiltrated with suspensions of P. syringae DC3000, P.s.t. DC3000 AvrRps4, or P.s.t. DC3000 AvrRpt2 (Bent et al. 1994 ) at a density of 1 Â 10 5 cfu/mL. For spray inoculation, leaves were dipped in P.s.t. DC3000 suspension at a density of 2 Â 10 8 cfu/mL containing 0.05% Silwet L-77 (OSi Specialties), and were kept under high humidity. Five leaf discs (0.5 cm in diameter) were harvested 1 h (day 0) and 3 d (day 3) after inoculation and homogenized in 10 mM MgCl 2 , and plated in serial dilutions on King's B medium containing 50 mg/mL rifampicin for selecting P.s.t DC3000. Plates were incubated at 28°C for 2 d, and the colony number was then determined from three biological replicates.
Determination of ALAD activity
The activity of endogenous ALAD was determined as described previously (Tang et al. 2012) .
RNA extraction and quantitative RT-PCR Plant total RNA was extracted using an RNAprep Pure Plant Kit (Tiangen), and the first strand cDNA was synthesized by Reverse Transcriptase (Invitrogen). Real-time PCR was performed using the SYBR Premix ExTaq Kit (Takara) and a LightCycler 480 thermal cycler (Roch), following the manufacturer's instructions. Three biological replicates were performed for each sample, and the expression levels were normalized to those of UBQ1. All primers sequences are listed in Table S1 online.
Microarray analysis
The fhy3 far1 mutant and No-0 wild-type plants were grown in soil under LD conditions for 4 weeks, and total RNA was isolated using the RNAprep Pure Plant Kit (Tiangen). Hybridization to the Agilent Arabidopsis Oligo Microarray (44k, Agilent Technologies) was performed according to the manufacturer's instructions. Three biological replicates were analyzed. Gene ontology (GO) terms enriched in upregulated and downregulated genes were identified with GOEAST (Zheng and Wang 2008) . The P-value of enrichment was calculated as the hypergeometric probability of obtaining so many probes/probesets/genes for a GO term, under the null hypothesis that the probes/probesets/genes were randomly selected from the microarray/genome.
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